ABSTRACT Twelve cell lines representing 10 genera of three orders (Diptera, Lepidoptera, and Orthoptera) of the class Insecta and one cell line (Acarina) from the class Arachnida were examined to discern their sensitivity to the lethal effects of x-irradiation. Radiosensitivity was measured by a combination of colony formation and population growth curve techniques. Each of these arthropod cell lines is significantly more radioresistant than mammalian cells, though the degree of resistance varies greatly with order. Dipteran cells are 3 to 9 times and lepidopteran cells 52 to 104 times more radioresistant than mammalian cells. Orthopteran and acarine cells are intermediate in radiosensitivity between dipteran and lepidopteran cells. These cells, especially the lepidopteran, should be valuable in determining the molecular nature of repair mechanisms that result in resistance to ionizing radiation.
The pronounced radioresistance of adult insects has been well documented (1, 2) . This resistance has been attributed primarily to the lack of cell division in adult insects, in that the sensitivity of cells to irradiation is directly proportional to their reproductive activity (1) (2) (3) , and because insects have minimal or no cell division in the adult state, they are extremely resistant to radiation (1, 2) .. Recent evidence has suggested that cells of insects have an intrinsic radioresistance (4) . This cellular basis of resistance derives largely from studies with the TN-368 lepidopteran cell line. These mitotically active cells are approximately two orders of magnitude more radioresistant than mammalian cells (4) (5) (6) . The unique nature and the ubiquity of radioresistance in insect cells have important implications concerning the innate ability of cells to tolerate large doses of radiation. Therefore, the present experiments examined 13 cell lines representing three orders of the class Insecta, along with 1 arachnid cell line ( 
RESULTS
Population growth curves were used in this study to provide crude estimates of survival ability. Fig. 1 illustrates two representative examples of these growth curves. At least six doses of x-rays ranging from 10 to 400 Gy were examined along with control cultures for each cell line (200 Gy maximum for Orthoptera and Acarina). Irradiation was generally followed by a dose-dependent division delay (Fig. 1) . The population was considered not to have recovered if it had not undergone a significant increase in number (approximately one doubling) over the initial seeding density within 2-3 wk. The maximal dose at which recovery was observed is given as the recovery dose in Table 2 . The Lepidoptera, Orthoptera, and Acarina all recovered from the highest dose administered. These recovery doses are important in that they provide both crude comparative survival estimates for those lines for which no colony formation information was obtainable, and they provide as well a basis for selecting cell plating concentrations at various doses for the survival curve studies. In addition, the recovery doses noted in Table 2 correlate closely with in vivo sterilizing doses for the lepidopteran and dipteran insects (14) .
Survival curves were possible for only 7 of the 13 lines studied and for only the lepidopteran and dipteran orders (Table 2 and Fig. 2 ) due to inherent difficulties entailed in the use of the colony formation technique to measure survival in insect cells. In general, the cells do not have very high plating efficiencies, and most insect cells grow loosely attached to growth vessels so that when formed, colonies disintegrate or float away upon removal of plates from incubation. Due to this loose attachment, the colonies are not easily counted, because fixing and staining contribute further to colony loss.
The TN-368 lepidopteran cell line exhibited an atypical multiphasic survival response composed of a steep slope region, followed by an inflection point, and finally a shallow slope region ( Fig. 2) (12, 13) . The Do for each slope and the width of the inflection point all increase proportionally, by approximately 1.7, for cultures irradiated under anoxic conditions (flushed with nitrogen prior to and during exposures) (12) . Varying the dose rate from 202 to 9.1 Gy/min results in only a slight decrease in the slopes but does not alter the general shape of the curve (unpublished data). That two distinct cell populations are not represented has been demonstrated by culturing a population of cells previously irradiated with 60.6 Gy (from the lower portion of the resistant slope component) and repeating the survival assay with them. The same multiphasic response was obtained (unpublished data). The multiphasic response may be a consequence of cell cycle variations in radiosensitivity because it was decreased by partially synchronizing the cells (unpublished data).
Considering the Do of x-ray survival curves for most mammalian cells to be between 1.0 and 1.5 Gy, the dipteran cells demonstrate radioresistance 3 to 9 times that of mammalian cells, whereas the lepidopteran cells are 52 to 104 times more radioresistant. Survival curves for the two lepidopteran genera are nearly identical, and the five dipteran lines representing four genera (cultured in four different growth media) have curves very similar to each other in degree of radioresistance. For the remaining lepidopteran lines, along with the orthopteran and acarine lines, population growth curves are used to estimate radioresistance, because survival curves were not obtained. Degree of mitotic activity does not appear to play a significant role in determining degree of radiosensitivity in the cell lines studied here. The dipteran and lepidopteran cells examined have the same range of population doubling times (approximately [16] [17] [18] [19] hr to 48-52 hr) in each order (Table 2 ), yet the difference in radioresistance between the orders remains well identified and quite distinct (Fig. 2) . Chromosome number does not appear to correlate with radiosensitivity in insects either (14) . For example, chromosome number between the Diptera and Lepidoptera (Table 2 ) differs greatly, the Lepidoptera having a large number of very small holokinetic chromosomes (which preclude accurate chromosome studies) and the Diptera having a small number of relatively large monokinetic chromosomes (15, 16) . Holokinetic implies that kinetochores or centromeres are spread out or "diffused" along the chromosome. Because chromosomal breakage due to radiation damage could be expected to result in the loss of chromosome parts and subsequent cell death in monokinetic species and because chromosome fragments could be retained in chromosomally holokinetic species, thereby decreasing the amount of cell killing, an attractive explanation for the extreme radioresistance of the Lepidoptera might be hypothesized on this basis.
However, the Hemiptera (true bugs) (17) and the Homoptera-(aphids and leafhoppers) (18) also have holokinetic chromosomes and do not require the extremely large x-ray doses needed for sterilization in the Lepidoptera (19, 20 centric activity of lepidopteran cells yet demonstrate far greater radiosensitivity (19) . DNA content of the TN-368 cells is approximately 7 pg per cell, whereas that of the V79 cells is 12-14 pg per cell (21) . This is a relatively slight difference and there is no reason to believe it is responsible for the large difference in radiosensitivity. Perhaps chromosome size or DNA content per chromosome is more important in determining insect cell radiosensitivity.
The data discussed clearly demonstrate the innate ability of cells from a variety of insects to withstand large doses of x-irradiation. The fundamental process(es) responsible for this ability are yet to be determined. Studies have shown that lepidopteran insect cells have superior x-ray-induced unscheduled DNA synthesis and DNA single-strand break repair mechanisms compared to mammalian cells (21, 22) and that ultraviolet-type repair mechanisms function in both dipteran (23, 24) and lepidopteran (25) cells, though at levels similar to mammalian cells. It is possible that superior x-ray repair confers a certain amount of radioresistance in all insect cells and that this resistance is magnified in the Lepidoptera through unique chromosomal features. These insect cells should be extremely valuable in determining the molecular characteristics of repair systems leading to radiation resistance.
